The temperature behavior of zero-phonon lines and phonon sidebands of bound excitons is carefully studied. In the very-low-temperature range, the internal transition between exciton A and 8 causes a decrease in the luminescence intensity of zero-phonon lines with decreasing temperature.
I. INTRODUCTION The absorption and emission due to excitons bound to the isoelectronic impurity nitrogen (N) and/or nitrogennitrogen pairs (NN;, i=1, 2,3, . . .) in GaP:N have been studied since the 1960s by many authors. ' As the concentration of nitrogen is high enough (typically up to 10' cm ) , the photoluminescence of GaP:N is mainly due to the radiative recombination of excitons bound to a nitrogen atom on the phosphorus site with another nitrogen atom on the nearest phosphorus shell, NN2 then has a nitrogen on the next-nearest phosphorus shell, and so on.
The temperature dependence of the photoluminescence in GaP has been studied by different methods. Sturge, Cohen, and Rodgers measured the photoluminescence efficiency, as a function of temperature, of excitons bound to N and various N-N pairs. Excitons bound to a particular center were excited selectively with a tunable dye laser, and their procedure was to pump in the no-phonon line and monitor the temperature dependence of the intensity of the phonon sideband. Therefore, the phonon sidebands were considered to have the same temperature dependence as the no-phonon bands in their work. They pointed out that below 100 K, the photoluminescence from excitons bound by less than 40 meV was found to be thermally quenched by the escape of an exciton as a whole and that from excitons with a binding energy of 40 meV or more was quenched by the thermal excitation of a free hole.
Chang (Zhang) , Hirlimann, Kanehisa, and Balkanski measured the integrated intensity of no-phonon lines and phonon sidebands in Gap:N by using the above-band-gap excitation and found experimentally, for the first time, that the temperature behavior of the phonon sidebands was quite different from that of no-phonon lines, and the ratio of intensity between them could be strongly dependent on temperature. NN, in Fig. 3 . It is evident that the thermal-quenching curve in Fig. 3 consists of three processes corresponding, respectively, to the lower middle, and higher temperature range. We notice that both fit and experimental activation energy approach, within experimental error, the binding energy 21+4 meV (Ref. 11) for the free exciton, 40 meV (Ref. 2) Table I .
We suppose that this character of phonon sidebands comes from the two-component formation of phonon sidebands (see paper IV). As we shall discuss in paper IV, the phonon sideband consists of the multiphonon process in direct transition and phonon-assisted momentumconserving indirect recombination of bound excitons. For the former, the theory of Huang and Rhys tells us that the ratio of the probability of radiative transition of zero-and one-phonon bands can be characterized by a parameter almost independent of temperature. ' Therefore, in this case, the zero-and one-phonon bands should show the same temperature behavior. But for the latter, we can image the thermal quenching of phonon sidebands to be the inverse process of phonon-assisted momentumconserving indirect transition. As a result, the thermal quenching of phonon sidebands depends strongly on the exciton-phonon coupling and has no relation to the binding energy of the bound exciton. The activation energy of 50 -60 meV is very close to the phonon (LO or nitrogen local mode) energy. This fact supports our suggestion mentioned above. 
IV. CONCLUSION
In the low-temperature range (T &40 K) the decrease of the luminescence eSciency is due to the nonradiative energy transfer from bound exciton 8 to other centers. 
